The distribution and someproperties ofpolyphosphate kinase, that catalyzes the formation of polyphosphate from ATP, were investigated. High enzyme activity was found in Alcaligenes faecalis, Brevibacterium ammoniagenes, Escherichia coli, Micrococuss lysodeikticus and
Pseudomonasaeruginosa. The enzymerequired Mg2+for maximumactivity and was activated by basic proteins, polyamines and phosphate polymers of low molecular weight. The enzymefrom E. coli B could catalyze the reverse reaction, and generated ATPfrom ADPand metaphosphate. The feasibility of the generation of ATPby the E. coli B enzyme was confirmed by means of the coupled reactions of polyphosphate kinase and hexokinase, which produces glucose-6-phosphate.
We have been studying phosphate polymerutilizing enzymes in microbial cells and have found that such enzymes are frequently found in cells of Achromobacter, Brevibacterium and Micrococcus species.1>2) Polyphosphate glucokinase in Achromobacter butyri was used for the production of glucose-6-phosphate (G-6-P) from glucose and metaphosphate.3) Metaphosphate-dependent nicotinamide adenine dinucleotide (NAD) kinase in Brevibacterium ammoniagenes4)was also useful for the production of nicotinamide adenine dinucleotide phosphate (NADP) from NADand metaphosphate.5) The activities of polyphosphate fructokinase, polyphosphate mannokinase and enzymes catalyzing the phosphorylation of purine and pyrimidine nucleosides to the corresponding nucleotides using metaphosphate as a phosphoryl donor were also detected in cell extracts prepared from Enterobacter aerogenes, Brevibacterium ammoniagenes, Micrococcus lysodeikticus and other strains (Murata et al, unpublished data Assay for polyphosphate kinase. The activity as to the forward reaction (Eq. I) of this enzyme was assayed in a reaction mixture (0.1 ml) containing 0.2fimo\ MgCl2, 100 fig protamine, 0.04^mol y-32P-ATP (0.4 fid), 5.0 fiinol potassium phosphate buffer (pH 7.2) and cell extract (10fig as protein). The reaction was carried out at 30°C for 10min and then aliquots (20/il) of the reaction mixture were spotted onto 2cm squares ofToyo Filter Paper (No. 51). Chromatography was conducted at room temperature by the descending method with 10% trichloroacetic acid (TCA) as a solvent. After development, the paper was dried and then the origins were cut out in 2cm squares for radioactivity determination. The activity as to the reverse reaction (Eq. II) of this enzyme was determined in a reaction mixture (0. Coupled reactions of polyphosphate kinase and hexokinase. To produce G-6-P from glucose, the ATP generation reaction (reverse reaction) catalyzed by polyphosphate kinase was coupled with the hexokinase reaction. The reaction mixture (0. 1 ml), consisting of2.0 /imol ADP, 5 .0/imol glucose, 2.0/imol (as acid labile phosphate) SI fraction, 0.5 /imol MgCl2, 5.0 /imol potassium phosphate buffer (pH 7.2), 5.0 units of hexokinase and 10fig (as protein) of the partially purified polyphosphate kinase from E. coli B, was incubated at 30°C for several hours. The reaction was terminated by boiling at 100°C for 1 min and then G-6-P in the supernatant was determined enzymatically by the method of Hohorst.12)
Chemicals. Polyphosphate and metaphosphate were purchased from Katayama Chemicals Industry, Co., Ltd., Osaka, Japan. Ribonuclease, deoxiribonuclease, trimetaphosphate and tetrametaphosphate were from Sigma Chemical Co., St. Louis, MO. y-32P-Adenosine 5'-triphosphate was purchased from New England Nuclear, Mass.
RESULTS

Assay conditions for polyphosphate kinase
The assay conditions for polyphosphate ki- After development, the chromatographic paper was dried and then cut into 1 cm sections except for the origins which were cut out in 2cm squares for radioactivity determination. Other conditions for the reaction and chromatography are given under Materials and Methods.
nase activity (Eq. I: forward reaction) were invetsigated using cell extract of Arthrobacter atrocyaneus ATCC13752 showing polyphosphate kinase activity. Figure 1 shows the chromatographic patterns of the reaction products. In the complete system containing ATP, Mg2+ and protamine (Fig. 1A) , a large amount of radioactivity was found at the origin. On the other hand, the radioactivity at the origin was low when the boiled extract was used (Fig. IB) . Omission of Mg2+ from the reaction mixture resulted in a decrease in the radioactivity at the origin (Fig. 1C ). In the complete system (Fig. 1A) , the radioactivity at the origin increased with reaction time (up to lOmin) and protein concentration (up to 0.3 mg/ml). The reaction mixture for the complete system was chromatographed with Ebel's solvent.13) Radioactivity was again found at the origin, as was observed in the case of development with 10% TCA. On the chromatogram, intermediate products of phosphate polymers of low molecular weight were not detected during the reaction (Fig. 2A) . The reaction mixture for the complete system was treated with 1.0n HC1 for 7min at 100°C and then chromatographed with Ebel's solvent (Fig .   Fig. 2 developed for approximately 20 hr. To locate the positions of authentic phosphate compounds, the chromatographic papers were sprayed with acid molybdate solution, heated at 80°C for lOmin and then exposed to ultraviolet radiation. For the determination of radioactivity, the chromatographic papers were dried and cut into 0.5cm sections, and then the radioactivity in each section was determined. B: An aliquot (40^1) of the reaction mixture was diluted with an equal volume of2.On HC1, and then the mixture was incubated at 100°C for 7min. An aliquot (40jA) of the sample after treatment was spotted, chromatographed and then analysed under the same conditions as above. The arrows in A and B indicate the positions of (a) orthophosphate, (b) pyrophosphate and (c) tripolyphosphate. 2B). With this treatment, the radioactivity at the origin disappeared and was found at the same position as that of orthophosphate.
Effects of basic proteins and polyamines
The effects of various proteins and polyamines on the polyphosphate kinase reaction were investigated (Table I ). Of the proteins tested, basic proteins such as protamine and histamine stimulated the enzyme reaction. Polyamines such as putrescine, spermine and spermidine were also effective as to stimulation of the polyphosphate kinase reaction. (Table II) .
Distribution ofpolyphosphate kinase in bacteria
To select the most suitable strains for the application of the polyphosphate kinase reaction as an ATP regeneration system, the distribution of the enzyme activity among bacteria was investigated (Table III) . The enzyme activity (Eq. I: forward reaction) was found in all the bacterial strains tested, being higher in A. faecalis, B. ammoniagenes, E. coli B, M. lysodeikticus and P. aeruginosa. The reverse reaction (Eq. II) of the enzyme was investigated amongthe strains listed in Table   III , but only E. coli B cell extract showed detectable activity as to the formation of ATP from ADP and the SI fraction. E. coli B was selected as the source ofpolyphosphate kinase for ATP regeneration.
PhosphoryI donor in metaphosphate Metaphosphateis a mixture of various ring phosphate polymers with different chain lengths. To obtain the intrinsic phosphoryl A 10% metaphosphate solution (pH 6.5) was applied to a Dowex 1 x2 (Cl~) column and then eluted with a linear LiCl gradient as described under Materials and Methods. The phosphoryl donor activity in each fraction was determined using the partially purified polyphosphate kinase from E. coli B. #. phosphoryl donor activity; O, inorganic phosphate; O, acid-labile phosphate; , LiCl concentration.
the phosphoryl donor activity in each fraction was determined using the partially purified polyphosphate kinase of E. coli B (Fig.   3 ). Only one active peak was eluted, with 0.5m LiCl. The active fractions were pooled and used as the substrate for polyphosphate kinase, as described under Materials and
Methods. This substrate fraction, designated as the "SI fraction," contained 25niM acidlabile phosphate, and a blue color was produced when the SI fraction was mixed with To regenerate ATPfrom ADPand phosphate polymers, the partially purified polyphosphate kinase from E. coli B was incubated with ADPin the presence or absence of the SI fraction. Although the reaction was not stoichiometric, ATP was found to be synthesized in association with the degradation of phosphate polymers in the SI fraction (Fig. 4A) , which was indicated by the decrease in acid-labile phosphate during the reaction. The ATPformation observed in the absence of the SI fraction was due to the adenylate kinase activity contaminating in the polyphosphate kinase preparation.
The polyphosphate kinase (partially purified) reaction, as an ATP regeneration system, was coupled with the hexokinase reaction for the production of G-6-P (Fig. 4B ). These two kinds of reactions were coupled well, and G-6-P was found to be produced using ATP regenerated from ADP and the SI fraction through the polyphosphate kinase reaction. G-6-P formation in the absence of the SI fraction waspresumably due to the adenylate kinase reaction, as mentioned above. The partially purified polyphosphate kinase preparation showed no polyphosphate glucokinase activity, which phosphorylates glucose to G-6-P using metaphosphate.1 *
DISCUSSION
The polyphosphate kinase catalyzing the polymerization of phosphorus was found in all the bacterial strains listed in Table III , and E.
coli B was selected as the source of the enzyme, since the enzymein this organism could catalyze the reverse reaction (Eq. II: ATPsynthesizing activity, from ADPand phosphate polymers). The products of the enzyme reaction were established to be phosphate polymers from the paper-chromatographic mobility and from the generation of orthophosphates on hydrolysis ( Fig. 2A, B) . The E. coli B enzyme reaction was stimulated in the presence of basic proteins, polyamines and phosphate polymers of low molecular weight (Tables I and II fier in gene expression. The phosphate polymers of low molecular weight also stimulated the polyphosphate kinase reaction. This was presumably due to the "template effect" of these phosphate polymers on polyphosphate synthesis. It has been suggested that phosphate polymers may be synthesized on a "template," which might be an enzymesurface or someother macromolecule such as RNA.14) The high energy phosphates could becomeattached to the "template" surface and fairly large molecules synthesized without any intermadiates being formed. This is similar to the mechanism proposed for the synthesis of proteins from amino acids and polynucleotides.
This would explain the inability to detect any soluble intermediates during the synthesis of the high molecular weight phosphate polymers ( Fig. 2A) .
The structure and molecular size of the intrinsic phosphoryl donor in metaphosphate is of great interest as to the reverse reaction (Eq. II) of polyphosphate kinase. Chromatographic separation of metaphosphate showed the existence of only one substrate (phosphoryl donor) for the reverse reaction of polyphosphate kinase (Fig. 3) . This substrate, which was eluted with 0.5m LiCl, seemed to be different from those for polyphosphate glucokinase and metaphosphatedependent NADkinase. In case of polyphosphate glucokinase, at least three kinds ofphosphoryl donors were found in metaphosphate, and they were all very unstable.1} On the other hand, only one kind ofphosphoryl donor was found for NADkinase, which was eluted with 0.1m LiCl from Dowex 1x2 (Cl~) column (Murata et al., unpublished data) . It is, therefore, striking that each enzyme could use phosphate polymers by discriminating the degree of condensation of phosphorus, although nothing is known of the shape of the polyphosphate molecule in solution, nor of its tendency to form aggregates. The reaction of polyphosphate kinase in E.
coli B was coupled with the hexokinase reaction for the production of G-6-P. The ATP regeneration reaction catalyzed by polyphosphate kinase worked well when both the partially purified enzyme and the substrateenriched SI fraction were used (Fig. 4) . Therefore, the polyphosphate kinase reaction seems to be promising as an ATPregeneration system for the production of useful compounds. However, for the utilization of the polyphosphate kinase reaction for practical processes, partial purification of the enzyme and isolation of the intrinsic phosphoryl donor in metaphosphate seems to be indispensable, since the intracellular activity of the enzyme and the phosphoryl donor content of metaphosphate are extremely low.
